Abstract An on-site pilot-scale experiment was conducted to investigate the performance of a multi-staged UASB (MS-UASB) reactor by feeding with a food processing wastewater containing high strength of lipid and protein. The reactor was operated at a thermophilic condition (55°C) for a period of 600 days. The reactor finally achieved 50 kgCOD·m -3 ·d -1 with a soluble COD removal of 90% (based on the influent total COD versus the effluent filtered COD), while the overall COD removal (based on the effluent COD-total) was considerably unsatisfactory at around only 60-70%. The presence of high strength of lipid and protein along with high concentration of Mg and Ca ions in the raw wastewater caused a severe scum and/or insolubilized substance formation within the UASB sludge bed, resulting in hindering the contact efficiency between substrate and sludge. The replacement of active microbial granules in the sludge bed with the insolubilized protein and lipid brought about deterioration of sludge methanogenic activity.
Introduction
Upflow Anaerobic Sludge Blanket (UASB) reactors have been extensively applied for a wide range of industrial wastewaters (Lettinga et al., 1997) . The conventional UASB process can accommodate a fairly high loading rate, in general, e.g. in the range of 10 to 15 kgCOD·m -3 ·d -1 for readily biodegradable wastewaters. Therefore, the present UASB process is regarded as a mature technology. Aiming at even higher process performance, the second generation of UASB reactors such as expanded granular sludge bed (EGSB) and internal circulation (IC) processes successfully emerged, and the number of full-scale plants using these processes has been increasing year by year (van Lier et al., 2001) . Another direction toward higher UASB process might be adoption of thermophilic process. However, at the higher loading rate, the higher intensity of biogas production tends to cause a serious sludge washout from the reactor (Syutsubo et al., 1998) . In order to solve this problem, van Lier et al. (1994 van Lier et al. ( , 1996 demonstrated a new concept of compartmentalized UASB reactor, which is equipped with multiple numbers of GSS (gas-solids separator), and worked effectively to enhance sludge retention, especially when high intensity of biogas evolution is taking place at a relatively high organic loading rate.
In this study, a similar concept of multi-staged UASB (MS-UASB) reactor was applied for treatment of a food industry wastewater containing high strength of lipid and protein.
An on-site pilot-scale experiment was conducted for a period of 600 days. This paper discusses the performance of a thermophilic MS-UASB and the behavior of retained sludge, with an emphasis on progression of sludge granulation under thermophilic conditions (55°C).
A schematic flow diagram of the semi-pilot-scale multi-staged UASB reactor is given in Figure 1 . The reactor was installed at a soybean curd manufacturing plant site. A mixing tank (0.2 m 3 ) works for dilution of raw wastewater by tap water or the effluent from the MS-UASB. The MS-UASB reactor was equipped with a total of six GSS units along the reactor height of 3.4 m. Installation of these GSS units worked well to reduce the liquid turbulence in the sludge bed by exclusion of biogas from the respective generation site. As a consequence, abatement of cell shear-off from the surface of granules effectively reduced the cell washout from the reactor. The reactor has a working volume (not including GSS gas-space volume) of 0.39 m 3 and was operated at thermophilic (55°C) conditions.
The effluent from the soybean-curd production process was employed as a feed, which contains approximately 22,000 mg·L -1 of unfiltered COD. Some characteristics of the feed are given in Table 1 . The major organic components of the feed are protein (7,150 mg·L -1 as COD) and lipid (6,440 mg·L -1 as COD). Linoleic acid (C 18:2 ) and oleic acid (C 18:1 ) 1. acidfication tank 2. mixing tank 3. hot-water tank 7. recirculation pump 8. H2S trap pellet 9. gas-meter 4. feeding pump 5. multi-staged UASB reactor (0.39m 3 ) 6. UASB effluent tank account for 50% and 30%, respectively, of the constitutional long-chain fatty acids (LCFAs) of lipid in the feed. Particulate COD occupies approximately one third of the total COD of the feed. Relatively high concentrations of mineral (K: 451, Ca: 436, Mg: 267 mg·L -1 , respectively) are derived from food additives for solidifying the soybean-milk. The reactor was seeded with 8,500 gVSS (21.8 gVSS per litre of reactor volume equivalent) of mesophilic granular sludge that has been stored at ambient temperature for a long time period (more than five years). Methanogenic activities of the retained sludge were determined using 120 mL serum vial-bottles at 55°C. The respective vial test substrates employed were acetate, H 2 /CO 2 (80%:20%, v/v), and propionate. Raw wastewater was used as the feed. Detailed procedures are given elsewhere (Syutsubo et al., 1998) .
Results and discussion

Process performance of thermophilic MS-UASB reactor
The on-site pilot-scale experiment was conducted for 600 days, and the results are given in Figure 2 and Figure 3 . The whole experimental duration was divided into four phases: during phase 1 (until day 75) and phase 3 (from day 169 until 400) the effluent from the MS-UASB reactor was recycled into the mixing tank to combine with the feed stream for alkalinity supplement, whereas during phase 2 (from day 76 until 165) and phase 4 (after day 400) no recycling of MS-UASB effluent was made and the raw wastewater was diluted with tap water to adjust the influent strength to a desired level. Although COD loading imposed during phase 1 was relatively low (2 to 12 kgCOD·m -3 ·d -1 ), insufficient COD removal occurred, associated with accumulation of VFAs (propionate was the first major component, as shown in Figure 3 ). Unsatisfactory reactor performance during phase 1 was probably due to the use of long-term stored mesophilic granules as a seed material for start-up of the thermophilic UASB process.
During phase 2, tap water was used instead of the MS-UASB effluent for dilution of the raw wastewater. As a consequence, COD loading rate was able to increase smoothly up to 25 kgCOD·m -3 ·d -1 with over 90% filtered COD removal (based on the total influent versus the soluble effluent). However, during phase 3, in which the MS-UASB effluent was returned to the mixing tank just as in phase 1, unfiltered COD removal (based on total effluent) decreased drastically from 80% to 37%, due to the severe scum formation in the mixing tank and the sludge-bed region. Along with the presence of Mg 2+ and Ca 2+ ions in the feed wastewater, recirculation of residual protein and lipid (LCFAs) to the mixing tank caused significant scum formation. Table 2 shows the characteristics of scum/insolublized substance formed in the mixing tank.
The scum/insolubilized substance has high viscosity, with a high value of COD/VSS (2.05 gCOD·gVSS -1 ) ratio. Protein and lipid accounts for each half-portion of the insoluble substance COD. Approximately a half portion of lipid of the insoluble substance derives from LCFAs: mainly composed of oleic acid (C 18:1 ), stearic acid (C 18 ) and palmitic acid (C 16 ). A separate vial methane production test using this insoluble substance as the vial substrate suggested relatively low extent of degradability: 0.08 gCOD·gVSS -1 ·d -1 , only 1/16 as large as acetate-fed test (vial test was conducted by seeding retained granular sludge on 227th day Figure 5 ) . During phase 3 a significant accumulation of insoluble organic matter proceeded gradually within the sludge bed, causing deterioration of contact efficiency between sludge and substrate. As a consequence, a high level of VFAs began to remain in the effluent (Figure 3) . The major components of VFA were acetate at about 1,500 mgCOD·L -1 and propionate at about 1,200 mgCOD·L -1 . During phase 4, in order to lessen the scum formation the recycling of the MS-UASB effluent was stopped and dilution of the feed wastewater was made with tap water. As a result, the process recovered steadily, and ultimately accommodated a loading rate of 50 kgCOD·m -3 ·d -1 with COD removals of 90% (based on filtrate effluent) and 60-70% (based on unfiltered effluent), correspondingly allowing a HRT of 3.4 h for the influent strength of 7,000 mgCOD·L -1 .
Behaviors of retained granular sludge
The profiles of the VSS/SS ratio of retained sludge along the height of the reactor at different days are presented in Figure 4 . At the bottom of the reactor the VSS/SS ratio eventually decreased to 0.2, denoting that inert materials occupied up to 80% of the reactor bottom sludge. Abundance of spherical inorganic precipitates with a mean diameter of 0.9 mm was observed at the bottom of the reactor. These inorganic granules were identified as highly pure crystallization of calcium magnesium carbonate (CaMg (CO 3 ) 2 ) by X-ray diffraction analysis.
Methanogenic activity of the retained sludge was monitored at appropriate time intervals over 600 days, and the result is given in Figure 5 . The seeded mesophilic granular sludge exhibited no substantial activity for any vial substrate at thermophilic (55°C) conditions. As the cultivation time elapsed, the retained sludge began to gradually acquire methanogenic activities at thermophilic conditions. The maximal methanogenic activity was attained on a different day for each substrate: 2.1 gCOD·gVSS -1 ·d -1 for acetate on day 366, 5.6 for H 2 /CO 2 , on day 227 and 0.14 for propionate on day 366 (COD loading: 50 kgCOD·m -3 ·d -1 ). It should be noted that propionate-fed methanogenic activity was considerably lower, only 1/15 as large as acetate-fed and only 1/26 as large as hydrogen-fed activity. This tendency supports well the observation that the breakdown of propionate is mostly subject to a rate limiting step in anaerobic organic degradation processes under thermophilic conditions (van Lier et al., 1992; Uemura and Harada, 1993; Syutsubo et al., 1998) . The decline in methanogenic activity in the later period (after day 227), as shown in Figure 5 , can be accounted for by the replacement of active microbial granular sludge by inactive insolubilized organic substances as aforementioned. 
